The concentration of micronutrients impacts fetal development and pregnancy outcome and has been suggested to be negatively correlated with the body-mass index (BMI). We evaluated the relationship between BMI and the serum folate concentration in 802 and 660 Korean pregnant women in mid-and late pregnancy, respectively, who participated in a multicenter prospective study. There was a significant negative correlation between BMI value and the serum folate concentration at mid-and late pregnancy (P for trend 0.001 and 0.024, respectively). A general linear model confirmed this correlation at both time points after adjusting for gestational age and total folate intake. These findings are important as the serum folate concentration is a rate-limiting factor for placental folate transport to the fetus, and an inadequate folate supply may cause various malformations.
Introduction
Micronutrient nutrition and metabolism in the general obese population has largely been ignored, particularly in pregnant women (Li et al., 2010) . There is increasing scientific evidence for a negative correlation between bodymass index (BMI) and the concentration of micronutrients that are important for pregnancy outcome, such as folate and zinc, in both non-pregnant and pregnant populations (Kant, 2003; Tamura et al., 2004) . Moreover, the development of neural-tube defects (NTDs) is not affected by periconceptional folic acid supplementation in certain obese women (Rasmussen et al., 2008) . A cross-sectional study of pregnant women in the United States found that the relationship between BMI and the serum folate concentration differs with the racial/ethnic group (Lawrence et al., 2006) . However, to our knowledge no studies have evaluated this relationship in the Asian populations, whose BMI is lower than that of the United States population. Therefore, we investigated the relationship between pre-pregnancy BMI and the serum folate concentration during pregnancy in Korean women who participated in the Mothers and Children's Environmental Health (MOCEH) study.
Materials and methods
This investigation was part of the MOCEH multicenter prospective cohort study, which involved 1610 women between August 2006 and October 2009. Comprehensive information about the study is available elsewhere (Kim et al., 2011) . We excluded 73 women who delivered twins or who miscarried or had pregnancy complications (hypertension or diabetes), and 735 women with no data on serum folate concentrations or dietary intake at mid pregnancy. There was complete information for the 802 included women on serum folate concentrations, BMI, gestational age, age and dietary intake data (using 24-h recall) at mid pregnancy (12-28 weeks of gestation). We were able to follow-up only 660 pregnant women at late pregnancy or delivery (29-42 weeks of gestation). The pre-pregnancy BMI was calculated based on the self-reported height and weight, and gestational age (weeks) was estimated based on the date of the last menstrual period. The serum folate concentration was measured by a radioassay. Statistical analyses were performed using the SPSS statistical package (version 12.0, SPSS, Chicago, IL, USA). Generalized linear models were used to determine the relationship between log-transformed serum folate and BMI as a continuous variable. 
Results and discussion
Characteristics of the participants are listed in Table 1 . Of 802 participants, 82 (10%) and 16 (2%) had a pre-pregnancy BMI classified as overweight (25pBMIo30 kg/m 2 ) and obese (BMIX30 kg/m 2 ), respectively. At mid pregnancy, unadjusted serum folate showed an overall significant decrease across quartiles (P for trend 0.001, Model 1) and remained significant after adjustment for gestational age and total folate intake (P for trend 0.003, Model 1). This suggests that the overall effect of BMI on serum folate may be independent of total folate intake. A similar trend was observed at late pregnancy (P for trend 0.024, Model 1 only, Table 2 ). The multiple regression analysis after adjusting for covariates showed a negative association between BMI and serum folate at mid pregnancy (P ¼ 0.005, data not shown).
Our findings suggest that folate metabolism differs according to the body weight of pregnant women, and that the pregnant women with higher body weight have chronically lower serum folate concentrations. The serum/ plasma folate concentration is a rate-limiting factor for the folate supply in the placental perfusion to the fetus against the concentration gradient ( Tamura and Picciano, 2006) . This could explain why the risk of having an NTD-affected pregnancy is increased in women with high body weight regardless of folate intake or supplementation (Werler et al., 1996; Rasmussen et al., 2008) . We propose a hypothesis that the higher incidence of other types of birth defects such as congenital heart defects reported in obese pregnant women (Mills et al., 2010) may also be related to a chronically lower supply of folate to the fetus due to an inadequate folate status or a defective folate metabolism.
Possible mechanisms underlying the inverse association between BMI and the serum folate concentration include changes in plasma volume, folate distribution among tissues and folate metabolism secondary to differences in body size or composition (Kant, 2003) . Furthermore, possible differences in endocrine functioning between obese and nonobese populations could affect the serum folate concentration; however, in our population this may be complicated by hormonal changes associated with pregnancy.
This study has several limitations. We have not measured erythrocyte folate concentrations because of budgetary constraints, although red cell folate is considered to be a more reliable marker of folate status than serum folate concentrations. Furthermore, we depended on the prepregnancy BMI based on the self-reported weight and height, which may be less accurate than direct measurements. Despite its relatively small impact, our results suggest that assessment of serum folate in this group of pregnant Asian women may be confounded by BMI. Moreover, this association should be considered when selecting large numbers of subjects for future studies in order to avoid inappropriate sampling. For example, when selecting subjects for an investigation of the effect of prenatal zinc supplementation on fetal growth, we chose those with plasma zinc concentrations below the median of the group. However, the higher plasma zinc concentration in thinner women (Tamura et al., 2004) resulted in a cohort with a large mean BMI (Goldenberg et al., 1995) . In summary, we found a negative correlation between BMI and the serum folate concentration in mid-and late pregnancy in a Korean population. Considering that the rate of fetal malformations is high in overweight or obese women, and that the rate of obesity is rapidly increasing worldwide, urgent focus is needed on the micronutrient metabolism in overweight and obese pregnant women.
